Purpose The ventilatory threshold (VT) is an objective physiological marker of the capacity of aerobic endurance that has good prognostic applications in preoperative settings. Nevertheless, determining the VT can be challenging due to physiological and methodological issues, especially in evaluating surgical risk. The purpose of the current study was to compare different methods of determining VT and to highlight the implications for assessing perioperative risk. Methods Our study entailed analysis of 445 treadmill cardiopulmonary exercise tests from 140 presurgical candidates with an aortic abdominal aneurysm (C3.0 to B5.0 cm) and a mean (standard deviation [SD]) age of 72 (8) yr. We used three methods to determine the VT in 328 comparable tests, namely, self-detected metabolic system (MS), experts' visual (V) readings, and software using a log-log transformation (LLT) of ventilation vs oxygen uptake. Differences and agreement between the three methods were assessed using analysis of variance (ANOVA), coefficient of variation (CV), typical error limits of agreement (LoA), and interclass correlation coefficients (ICC).
Results Overall, ANOVA revealed significant differences between the methods [MS = 14.1 (4.3) mLO 2 Ákg -1
Ámin
-1 ; V = 14.6 (4.4) mLO 2 Ákg -1 Ámin -1 ; and LLT = 12.3 (3.3) mLO 2 Ákg -1 Ámin -1 ; P \ 0.001]. The assessment of agreement between methods provided the following results: ICC = 0.85; 95% confidence interval (CI), 0.82 to 0.87; P \ 0.001; typical error, 2.1-2.8 mLO 2 Ákg -1 Ámin -1 ; and, 95% LoA and CV ranged from 43 to 55% and 15.9 to 19.6%, respectively. Conclusions The results show clinically significant variations between the methods and underscore the challenges of determining VT for perioperative risk stratification. The findings highlight the importance of meticulous evaluation of VT for predicting surgical outcomes. Future studies should address the prognostic perioperative utility of computed mathematical models combined with an expert's review. This trial was registered at ClinicalTrials.gov, identifier: NCT00349947.
Résumé
Objectif Le seuil ventilatoire (SV) est un marqueur physiologique objectif de la capacité d'endurance aérobie. Ce marqueur a de bonnes applications diagnostiques dans les contextes préopératoires. Toutefois, la détermination du SV peut être difficile en raison de problèmes physiologiques ou méthodologiques, particulièrement en ce qui touche l'évaluation du risque chirurgical. L'objectif de cette étude était de comparer différentes méthodes de détermination du SV et de mettre en lumière les implications de chacune quant à l'évaluation du risque périopératoire. It is estimated that more than 320 million major surgical procedures are performed each year worldwide and this number is increasing. 1 Based on United States data, perioperative mortality rates of 1.3-3.2% were reported. 2, 3 The European Society of Intensive Care Medicine and the European Society of Anaesthesiology reported 4% mortality and 16-18% morbidity rates in patients admitted to noncardiac surgery, suggesting the importance of implementing measures to improve surgical outcomes. 4, 5 As life expectancy increases, a growing proportion of patients are likely to be high-risk elderly patients with multiple comorbidities who present risk stratification challenges to both anesthesiologists and surgeons. 5 The ventilatory threshold (VT)-derived from a cardiopulmonary exercise test (CPET)-has been widely used in assessing both athletes and patients with cardio pulmonary disease, and it has recently been shown to be a good prognostic marker in the context of surgical outcomes. 5, 6, [8] [9] [10] [11] [12] Ventilatory threshold values were associated with morbidity, mortality, surgery complications, and length of hospital stay. 5, [12] [13] [14] [15] [16] [17] The VT is defined as an exercise intensity beyond which the increase in ventilation becomes disproportionate to the increase in power output or oxygen uptake during progressive exercise. 11, 18 This measure provides important information regarding the major physiological systems involved in aerobic exercise and constitutes a determinant of an individual's functional capabilities and cardiorespiratory performance. 6, [8] [9] [10] [11] 18 The VT is an effort-independent variable that can be determined during submaximal exercise, and thus, it is considered safer than maximal exercise for particular patients. In pre-and postsurgical settings, this may be advantageous relative to peak VO 2 , which requires maximal effort. 5, 12, 17 Nevertheless, determining the VT can be challenging in clinical conditions for several reasons. Many patients exhibit an abnormal ventilatory pattern, making it difficult to discern a clear breakpoint; the exercise protocol can influence the VT; and even experienced reviewers frequently differ in terms of detecting the VT. [18] [19] [20] Computerized metabolic systems use varying software programs to detect the VT automatically, but the algorithms used are often unknown. Furthermore, most of these systems will determine a VT when a VT may not exist or may not be discernible to a clinician. Studies have shown that VTs defined using different mathematical algorithms for the same patient vary significantly. 20, 21 We have empirically observed that visual interpretation of the VT often differs significantly from the automatic interpretation derived from a metabolic system. Accordingly, we developed a computer program that chooses a deflection point in ventilation based on the least mean square error of the fit between the log of oxygen uptake and the log of ventilation. 22 Given the caveats related to determining the VT, guidelines on CPET suggest confirming the VT visually using one of several methods. 6, 8, 9 Because the VT has been increasingly applied to assess surgical outcomes, 5, [12] [13] [14] [15] [16] [17] 23 a reliable determination of this point is critically important in evaluating perioperative prognosis. In the current study, we sought to quantify agreement between methods of determining the VT. We compared visual readings by experienced reviewers, automated determination by a metabolic system, and the application of a computer-derived program (developed by the authors) which employs the point with the least mean square error of the fit between the log of oxygen uptake and the log of ventilation. The latter has been suggested as the optimal mathematical technique to define a breakpoint between two regression lines and has been applied to interpret the VT. 22, 24, 25 Our overall objective was to provide insight into the reliability of common methods for determining the VT and to highlight the implications for assessing surgical outcomes.
Methods

Subjects and study design
The current study is a secondary analysis of a previously reported clinical trial (Clinical Trials identifier: NCT00349947). 26 The study entailed analysis of 445 treadmill CPETs from 140 presurgical candidates participating in a clinical trial at the Veterans Affairs Palo Alto Health Care System. The study participants each had a small aortic abdominal aneurysm (AAA) (C3.0 to B5.0 cm) and a mean (standard deviation [SD]) age of 72 (8) yr. Patients were assessed at baseline and after three, 12, 24, and 36 months. Recruitment procedures and all study-related activities were reviewed and approved in advance by the Institutional Review Board at Stanford University (approved February 2016). Written informed consent was obtained from all participants. 26 Cardiopulmonary exercise testing Symptom-limited exercise testing was performed using an individualized ramp treadmill protocol such that test duration was targeted to fall within a range of 8-12 min as previously recommended. 6, 27, 28 Standardized medical examinations were performed before testing, and medications were continued as prescribed. A 12-lead electrocardiogram was obtained at rest, each minute during exercise, and for at least eight minutes during recovery. Blood pressure was measured at rest, every other minute during exercise, and at one, two, five, and eight minutes during recovery or until symptoms, electrocardiogram changes, and blood pressure stabilized. In the absence of clinical indications for stopping the exercise test, participants were encouraged to exercise until volitional fatigue, and the Borg 6-20 scale was used to quantify effort. 28 Cardiopulmonary responses were obtained using a COSMED Quark CPET metabolic system (Rome, Italy) that was calibrated in a standard fashion before each test. Minute ventilation, body temperature pressure, saturated (V E ); oxygen uptake, standard temperature pressure, dry (VO 2 ); carbon dioxide production, standard temperature pressure, dry (VCO 2 ); and other CPET variables were acquired breath by breath, reported in rolling ten-second intervals, and averaged over 30 sec.
Ventilatory threshold determination
We used all three methods to conduct 445 tests and determined 328 VTs to use in our analysis. The metabolic system method employed an automated program based on the V-slope method. 6 The visual VT was determined by two reviewers who were highly experienced in CPET interpretation. The reviewers were blinded to the other methods of determination, to any patient identification, and to the VT determined by the other reviewer. The reviewers considered a plot of the V-slope and the ventilatory equivalents for O 2 and CO 2 (V E /VO 2 and V E /VCO 2 , respectively) for determining the VT, using rolling averages of 30-sec data listed every ten seconds. In case of disagreement between the reviewers, the VT was considered indeterminate by consensus. 6, 10 The third method involved a log-log transformation (LLT) of VO 2 and V E using a validated program developed previously by our group. 22 The program is based on an exponential plus constant model describing the relationship between gas exchange and blood lactate accumulation, previously described by Hughson et al., 25 and a modification of the log-log transformation model reported by Beaver et al. 24 The program uses the log-log threshold model, plotting transformed V E vs transformed VO 2 data in which the VT is chosen as a division point between regression lines determined by those segments yielding the lowest mean square error, as described by Lundberg et al. 29 
Statistical analysis
Descriptive statistics are presented as mean (SD). Comparisons between methods were performed using one-way analysis of variance (ANOVA) for repeated measures, and post hoc testing was performed using the Bonferroni method. Reliability of the VT readings was assessed using the typical error limits of agreement (LoA), expressed as both absolute values and as a percentage of the mean VT (LoA%), coefficient of variation (CV), intraclass correlation coefficient (ICC), and Pearson's correlations. 19, 30 The ICC values were classified as \ 0.40 = poor; 0.40-0.59 = fair; 0.60-0.74 = good; and 0.75-1.0 = excellent. 31 Additionally, the degree of concordance between the methods was evaluated by Bland-Altman plots. 32 The typical error was calculated as the standard deviation of the differences between each pair of VT methods divided by the square root of 2. The CV was calculated as the typical error divided by the mean of both values expressed as a percentage. The 95% LoA was calculated as the standard deviation of the difference times 1.96. The LoA was also expressed relative to the mean and expressed as a percentage. 30 The statistical analyses were performed using SPSSÒ v.17 software (Chicago, IL, USA), with the significance level set at P \ 0.05.
Results
Demographic, clinical, and physiological characteristics of the subjects are summarized in Table 1 . In general, the sample was Caucasian (81%) and male (92%) with a mean age of 72 (8) yr. Most subjects had hypertension (75%) and a previous smoking history (81%). The average peak VO 2 of the sample was 19.4(6.8) mLO 2 Ákg -1 Ámin -1 , with a mean peak respiratory exchange ratio of 1.1 (0.10) ( Table 1) .
The VT was detected in 96% using the metabolic system, 84% using visual observation (the two reviewers agreed that a VT occurred in 84% of the tests), and 76% using the log-log transformation program. The VT was determined in 328 tests by all three methods that were used for the analysis. Overall, ANOVA revealed significant differences between the methods [MS =14. Table 2) .
The reliability and agreement tests between the methods of VT determination showed that the typical error ranged from 2.1-2.8 mLO 2 Ákg -1 Ámin -1 ; ICC was 0.85 (95% confidence interval, 0.82 to 0.87; P \ 0.001), and the 95% CVs ranged from 15.9 to 19.6%. The 95% LoA as a percentage of the mean ranged from 43% and 55%, with significant correlations between the methods ranging from r = 0.59-0.73 (Table 2, Figs 1-3) .
Discussion
In the current study, we aimed to quantify agreement between three methods of determining VT in patients with small, presurgical AAA and to highlight its implications for perioperative risk assessment. We observed significant differences between the methods, although agreement was evident (Figs 1-3 , Table 2 ). The CVs, Bland-Altman plots, and 95% LoA confirmed a relatively large variation between the methods, although moderately high correlations were observed (Figs 1-3 , Table 2 ). These findings have clinical significance, particularly in preoperative settings among severely deconditioned patients when a maximal exercise test is not advisable and the VT is used as a primary efficacy or prognostic endpoint. In light of the growing use of the VT in the context of surgical risk, 5, 12 these results also underscore the importance of meticulous evaluation of this physiological point when applying the VT in the context of perioperative risk stratification. The results may also underscore the need for future studies that address a combination of methods and use experienced interpretation (e.g., a clinical exercise physiologist) along with computed mathematical algorithms for accuracy of predicting surgical outcomes.
The current study shows the challenges associated with determining the VT from a clinical perspective. This novel Data are presented as means (standard deviation) and absolute numbers with % of the group for categorical variables BMI body mass index, DBP diastolic blood pressure, HR heart rate, SBP systolic blood pressure
Perioperative consideration of VT determination 637 study addresses the methodological issues involved in determining VT in a large sample of presurgical elderly individuals. By using this approach, we attempted to resolve several existing gaps in the literature and to highlight concerns with determining VT in the context of preoperative risk stratification. The inclusion of a relatively large sample of presurgical AAA subjects overcomes one of the limitations in previous studies, that is, comparing different methods of determining VT among young healthy subjects. 11, [20] [21] [22] [33] [34] [35] [36] [37] In general, our findings are consistent with previous reports showing fairly good agreement between different methods of determining VT. 11, 19, 22, [33] [34] [35] 37 In this regard, several studies have shown moderately high correlation (r = 0.59-0.98) between computed mathematical models, and visual readings of the VT, lactate responses, or both. 11, 19, 22, [33] [34] [35] 37 Nevertheless, these relatively high associations between methods are contrasted by several other studies reporting poor agreement. 20, 21, 38 For instance, Crescêncio et al. 21 reported that, despite a good correlation (r = 0.82) between visual and linear-linear models, significant underestimation was shown in the mathematical model when compared with other models in 23 healthy males. 21 Ekkekakis et al. 20 similarly showed large variations between computerized methods of determining VT in two different samples of 30 young healthy volunteers. 20 Dickstein et al. 38 also reported significant differences between a computerized regression model, visual assessment, and lactate measures in 30 males with documented myocardial infarction. 38 Taken together, these findings highlight the existing debate regarding an optimal method for determining VT and the need for further research in this area.
Our observations of the different methods for determining VT have practical implications. Depending on the method used, we detected a mean difference of 0.5-2.3 mLO 2 Ákg -1 Ámin -1 and variation ranging from 15.9 to 19.6% (Table 2) . Previous studies assessing variation in the VT between experienced readers similarly showed roughly 20% interobserver variability, 17-25% intra-observer variability, and 21% variability between centres. 19, 39 In practical terms, this degree of variability is potentially significant when considering outcomes in perioperative assessments. 5, 11, 13, 15, 22, [39] [40] [41] In two recent reviews, Levett et al. 5, 12 summarized studies assessing the association between preoperative VT and postoperative outcomes. These studies among different surgery candidates (including major intra-abdominal, colon, rectal, hepatobiliary, hepatic resection, liver transplant, upper gastrointestinal, bariatric, cystectomy, and AAA repair procedures) showed that values below 9-12 mLO 2 Ákg -1
Ámin
-1 were associated with a significantly increased risk for postoperative mortality, morbidity, surgical complications, and prolonged hospital stay. 5, 12 The variation between the methods for determining VT observed in the present study could potentially misclassify surgical candidates into inappropriate risk categories, particularly among patients with borderline perioperative risk presenting VT values ranging, for example, from 10 to 13 mLO 2 Ákg . The current results call attention to the variability between methods determining the VT and underscore that this should be considered when applying the VT in clinical settings, particularly in the context of surgical decisions.
Our findings suggest that, although there is agreement between methods of determining VT, differences and relatively large variations were observed with both statistical and clinical significance ( Table 2, Figs 1-3 ). These may be Fig. 2 Fig. 2 Bland-Altman plot and correlation coefficient between the visual and log-log transformation methods for determining the ventilatory threshold Perioperative consideration of VT determination 639 due in part to the fact that computed and mathematical algorithms lack subjective judgement by an experienced reviewer. Such judgement may be valuable in many clinical circumstances, particularly when the ventilatory response is curvilinear and there is no clear breakpoint evident in V E or VCO 2. 18 Nevertheless, visual interpretation is also subject to inter-and intra-observer variation. 11, 19 Determining the lactate threshold by measuring blood lactate responses directly is a gold standard, but this is rarely employed in clinical practice due to the need for frequent blood sampling and the associated costs. Moreover, similar to ventilatory methods to derive a threshold, direct measures using blood sampling have also been the topic of a great deal of debate. 11, 18 Due to the lack of a gold standard for determining the VT, our results suggest that a combination of mathematically computed algorithms, along with visual adjusting by individuals experienced in CPET, can improve the accuracy of VT determination. Nevertheless, this needs to be ascertained in future studies comparing a combined VT determination method with blood lactate kinetics.
The strengths of the current study include a relatively large sample size (328 comparable tests), which significantly exceeds previous studies that have generally included only several dozen subjects. 22, 33, 34, 36, 37 ) observed using a cycle ergometer test among surgical candidates with high perioperative risk. This reflects the 10-25% higher values typical for treadmill testing vs the cycle ergometer. 5, 12, 28 Finally, we used a broad statistical analysis to assess both differences and level of agreement between methods to gain more insight into the determination of the VT and its implications for surgical risk.
Our study also has several limitations. First, we lacked validation of ventilatory assessments with blood lactate measures. Nevertheless, previous reports have shown good agreement between ventilatory responses and lactate responses, 11, 22, 33, 35 providing reasonable confidence for the use of ventilatory-derived surrogates for lactate accumulation. Secondly, our sample consisted largely of male subjects (92%), thus generalization of the results to females is unknown. Finally, our study provides objective assessment of differences and agreement between common Fig. 3 Bland-Altman plot and correlation coefficient between the metabolic system and loglog transformation for determining the ventilatory threshold methods of determining VT and their consideration for perioperative risk stratification. Nevertheless, the results do not suggest the utility of using one method over another to predict perioperative outcomes. This needs to be ascertained in future studies assessing preoperative VT and its association with surgical outcomes.
In summary, we observed significant differences and variation between the VT determined by a metabolic system, visual reading by experienced clinical researchers, and a log-log transformation program, although agreement between the methods was observed. These data underscore the challenges associated with reliably determining the VT, and they emphasize the importance of meticulous evaluation in interpreting VT for clinical decisions in perioperative settings. Future research is warranted addressing the combination of mathematical-computed models with visual review by individuals experienced in CPET when applying the VT for surgical outcomes, particularly when the VT is used as a primary endpoint.
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